Abstract-In this paper, we consider the problem of highquality output tracking control of an interior permanentmagnet (IPM) synchronous motor drive. Because the system may be interfaced by uncertainties and/or disturbances, we employ the method of double-regulation control mechanism which can be summarized as follows: Firstly, for the system which contains uncertainties and disturbances, we design the integral feedback by introducing a dynamic mechanism to adjust its gain so that the disturbances and uncertainties can be eliminated. Secondly, for the remaining parts of the system, we choose another proper error feedback mechanism, especially with using certain kinds of nonlinear characteristics, to ensure the required performance. Lyapunov analysis is provided to guarantee the stability of the relevant control system. It is the method that we can not only use simple structure to reject disturbance but also obtain high-quality control performance without using any extra estimators. Simulation results for tracking the desired outputs indicate the effectiveness of the proposed method.
I. INTRODUCTION
Permanent magnet synchronous motors are often used in electrical drives because of their simple structure, ease of maintenance and high efficiency, it is still being widely studied (see [1] - [4] and the references therein). However, for these motors, the nonlinear characteristics arisen from motor dynamics, load disturbances and the presence of uncertainties make their control an extremely difficult task ( [5] - [8] ).
The control of a synchronous motor drive or a synchronous compensator has received increasing attention in recent years ( [9] - [12] ). The uncertainties of the dynamics and/or disturbances of loading conditions are the main troubles in the control system synthesis. There have been many control methods proposed for dealing with the control of these kinds of systems, for example, adaptive control, sliding-mode control, fuzzy-proportional-integral (FPI) control, tuning of proportional-integral (PI) based This work was supported in part by Scientific Foundation of Renmin University of China on using particle swarm optimization, and the faulttolerant control with observers, etc. ( [1] , [4] , [12] - [22] ). And the implementation of the control needs the estimator or sensor to estimate the states, it will result in the increase of costs and reduce of the reliability ( [9] , [11] , [15] ).
From the view point of control system synthesis, if we can find an effective way to reject disturbances and uncertainties, the design for the remaining part will be easier. It is well known that the sliding mode (SM) method or variable structure control (VSC) has played an important role for disturbance or uncertainty rejection ( [9] , [13] , [15] ). But the associated control switching will lead to chattering. Although proportional-integralderivative (PID)-type control has strong ability to reject the uncertainty or disturbance, the tuning of its parameters will need more skills ( [10] , [12] - [14] , [17] - [22] ).
In order to solve the problem stated above, inspired by the idea of SM and the new separation principle (NSP) ( [23] ), we intend to find a systematic method so that disturbance compensation and high accuracy regulation can be implemented by using two kinds of feedback mechanism. That is the double-regulation control mechanism (DRCM) we considered.
As a matter of fact, on one hand, by introducing a dynamic mechanism to adjust the gain of the integral feedback mechanism, we can find an effective strategy which can powerfully reject disturbances. On the other hand, by using another proper feedback mechanism, we can carry out efficient output regulations for the remaining part. That is the basic idea of the DRCM. The benefits of DRCM are that it has the ability of SM to reject disturbance, and it also has the robustness of PID controllers for uncertainties. The most important of all is that, after the rejection of uncertainties and disturbances, we will be more purposeful for choosing the feedback to improve the control performance.
The paper is organized as follows: In section II, the problem on the control of the synchronous motor is introduced. In section III the idea of DRCM is described. In section IV, the main results on disturbances rejection is introduced, and the Lyapunov analysis is provided to guarantee the stability of the whole control system. In section V, simulation results for different situations are shown to indicate the efficiency of the method, and the comparison of DRCM with other methods is given, followed by some conclusions.
II. THE STATEMENT OF THE IPMSM PROBLEM
For an interior permanent-magnet synchronous motor (IPMSM) which also has been considered extensively in recent years ( [9] - [12] , [16] , [24] ), the mathematical model can be described by the following differential equation ( [9] ):
and the meaning of the parameters in (1) and (2) can be found in [9] 
Owing to the nonlinearity of the model and the possible disturbance from the outside of the system, especially the disturbance of load of voltage, and the measurement may contain noise, the control will be difficult. That is why the DRCM is chosen for the control problem.
III. THE METHOD OF THE DOUBLE REGULATION CONTROL MECHANISM
In this section, we will give a brief description to the method of DRCM. We begin the discussion with the output regulation for systems containing uncertainties and disturbances.
For the sake of simplicity, we take, for an example, the second-order system in state-space form
where f (x 1 , x 2 ) is the definite function of x 1 , x 2 , and d(t) is the representative of uncertainties and disturbances which come from the inside or outside of the system. In this form of the system, we hope that the states x 1 and x 2 can track the set outputs respectively. In order to solve the synthesis problem, based on the elicitation of the variable structure control theory ( [15] , [17] ), we hope to eliminate or reject the disturbance first, and then we force the system (3) to change in the following way
where u II is the proper state feedback which is only for the remaining system. Here, we can regard the system (4) as the remaining system (RS) of the system (3).
Here we introduce u I , which is the integral feedback with a variable gain to reject disturbance. Then the control system synthesis can be divided into two parts: u I and u II , in which u I is used for uncertainties and disturbances rejection, and u II is used for the output regulation of the remaining parts. That is the feature of the DRCM method.
The control block is shown in Fig. 1 , in which CM refers to the control mechanism, RS refers to the remaining parts of the system, σ(x) is the another kind of error used for adjusting the gain of the feedback mechanism in order to reject the disturbances or uncertainties. Obviously, by this control method, without using any observer such as ESO in [18] , we can still compensate for the disturbance. It shows that the method based on DRCM will simplify the synthesis procedure used by other control methods. The advantage of the DRCM method is that the design for the rejection of disturbances and/or uncertainties and the design for the remaining system can be accomplished with different mechanisms. Therefore, the design of the two feedback mechanisms will be purposeful. And the method can not only guarantee the control performance but also make the feedback forms have more choices.
It should be mentioned that the DRCM is different from the double-loop control strategy ( [24] ). In fact, Schauder and Mehta have proposed a typical double-loop control strategy: The outer loop forms the desired active and reactive current commands to maintain the voltages at the point of common coupling (PCC) and to compensate the static synchronous compensator (STATCOM) losses, and the inner loop realizes the control of inverter currents with zero steady-state errors. However, the control strategy used in [24] not only needs four PI controllers in its control system so that the tuning of PI parameters should be done empirically or by trial and error, but also has a coupling relationship between the active current and the reactive current, and thus, it is hard to maintain the voltages at the PCC with small effects on the dc-link voltage. To obtain decoupling control, nonlinear control strategies are widely used by linearized models via the feedbacks near steady-state operating points (see [24] and the references). However, it is not easy to tune controller parameters because those approaches still need four PI controllers.
IV. THE MAIN RESULTS
To implement the idea of the DRCM proposed above, the key problem is the choice of a proper dynamic mechanism used for adjusting the gain of the integral feedback u I . Here, based on the results considered in [25] , we choose the dynamic mechanism µ(t) as follows, which is described by the following differential equation with discontinuous right-hand side ( [26] )
where σ(x) is a compound function of the states, γ is a positive parameter, and ω(> 0) is a given positive constant. Because the purpose of µ(t) is to adjust the gain of the integral such that the uncertainties or disturbances can be removed, σ(x) should be the part which will be left after the rejection.
As for the adjustment of µ(t) to the gain of the integral feedback, we will choose the form in the following way
|x(τ )|dτ (6) or in the state-space form
where a 0 is also a design parameter as the one in (6) .
As to the possibility of choosing the design parameters γ and a 0 to reject the disturbance, we have some theoretical results for second-order systems ( [23] ). where i = 1, . . . , m, and µ i (t) (i = 1, . . . , m) are all given by (5),
Theorem 1. Consider the following interconnected
Then, if the following inequalities
and
(10) hold, there is a finite time t (≥ t 0 ) such that, as t ≥ t , the following equalities hold
From Theorem 1 we know that, instead of using an estimator or observer for estimating disturbances and/or uncertainties, we can still reject or compensate those factors by using u I (t). And, in contrast to other methods, the method of DRCM has nothing to do with the interconnected terms of systems. Therefore the method has less requirements for a system's structure. That will greatly reduce the complexity for choosing the design parameters.
For the stability of the sliding mode of (4), we can use the Lyapunov function as follows:
where σ i (x i ) (i = 1, · · · , m) are the remaining parts after the stripping of the non-principal factors, or the remaining parts after the rejection of the disturbances. As a matter of fact, from the definition of L i and the restriction (10), we have
which means that σ i (x i ) can converge to zero asymptotically. After the rejection of disturbances or uncertainties and the interconnected terms, we need to choose the second state feedback mechanism.
In order to improve the quality of output regulations, based on the advantages of nonlinear PID controllers ( [18] , [21] ), the control variable u II (t) can be chosen as
where 0 < α < 1, in which the advantages of using −|x| α sgn(x) instead of x is that it yields a relatively high gain when the error is small and a small gain when the error is large. The detail discussion can also be found in [18] , so we will omit the further discussion in this paper.
The parameters such as a 1 , a 2 in (13) can be chosen by using placement of poles. Especially, for linear error systems, we can choose the parameters based on the Hurwitz rules.
In such a case, we can choose the Lyapunov function as follows:
In fact, for the second-order linear system with the control input as (13),
2 )|x 2 = 0} does not contain other solutions of (14) except the solution (0,0). From the Krasovskii theorem, we know the remaining parts is still stable. So with the combination of the Lyapunov functions of (12) and (14), we can prove the stability of the whole system.
Based on the analysis above, we can give an explanation about the essential idea of the control strategy. It uses VSC with a continuous switch mechanism to reject the disturbance, and it chooses another sliding mode according to the given control requirements for the system. The combination of the two kinds of mechanisms will strengthen the efficiency of any one of the other control methods.
From the control input of (6) and (13), we know the control method can also be regarded as the extension of the conventional PID controller. Compared with the conventional PID control, the control mechanism here can be implemented separately. And it will be easy for engineering implementation.
V. SOME SIMULATION RESULTS
Now, we will present some simulation results on the output regulation for the IPMSM to indicate the effectiveness of the method based on DRCM. The parameters in (1) can be found in Tab. 1.
According to the explanation of Theorem 1, we need the higher-order derivatives of errors. Therefore we should do some signal processing first by using TDs ( [27] ), which is a nonlinear system as follows: 
From [27] , we know that, as R 1 → ∞, we have y 1 → y r and y 2 →ẏ r . So, we regard y 2 as the derivative of y r .
For avoiding chattering or getting better filtering effects, we process y(t) by using the discrete form of TDs ( [28] ). We denote that the signals obtained from the TDs are x 11 and x 12 , the signals from the second of the cascaded TDs are denoted as x 13 and x 14 respectively, we can regard x 14 as the second-order derivative of y(t).
Similarly, we can process the reference input y r (t) by choosing proper TDs. If we denote the relevant results as x 21 , x 22 , x 23 and x 24 , we can obtain the error of y(t) and y r (t), and its related variables as follows:
where e 1 , e 2 , e 0 , and e 3 are the error, the error's derivative, the error's integration, and second-order derivative respectively.
Then, for a second-order system, let µ(t) be the one determined by the following differential equatioṅ
(17) And based on the DRCM, the total control input is the following one (18) where a 0 can be determined by the ranges of disturbance and disturbance's derivative, and the parameters a 1 , a 2 can be obtained by assigning, which should maintain the stability of the state (0, 0) of the following remaining error system
So we can choose a 0 and γ according to (9) and (10) respectively, and then we assign a 1 , a 2 properly. As for the other types of error systems, we can deal with them in a similar way.
Generally, the parameters r 0 , h, h 0 of TD are chosen based on the rules given in [27] and [28] .
It is evident that the system of IPMSM is a MIMO interconnected system. As to its output regulation, we hope that the outputs i d and ω r can track the reference (1), we obtain the following error system
in which f 1 , f 2 are the same as (1) and the parameters can be obtained from Tab. 1.
τ , this can realize the decoupling to the error system (20) . Then we can choose v 1 , v 2 respectiely. From the structure of this error system, for the control of i d , we use PI control, and for the control of ω r , we use PID-type control. Owing to the complexity of the interconnected system, we choose the parameters as follows. In (17) , γ = 10, ω = 0.5. In (18), α = 0.6, a 1 = 100, a 2 = 20. The parameters in TD are r 0 = 2200, h = 0.001, h 0 = 0.01. The tracking results of the outputs i d , ω r in (1) are shown in Fig. 2 and Fig. 3 , respectively. Compared with the method used in [9] , without the help of other control methods such as artificial intelligence (AI), we can still get satisfactory results, i.e., the outputs have the feature of fastness and without overshoot. At the same time, the structure of the control system here is also a simple one. If we change the set output ω * r for ω r , and the design parameters of the controller do not need to change, we can It should be emphasized that, if we change the form of the model or the design parameters in certain ranges, the results on the output regulation may have almost no change at all. It indicates the robustness and adaptability of the control method.
Compared with the other methods which need observers ( [9] , [11] , [15] ), the robustness of the method DRCM can make the control system use TDs to estimate the states instead of using any other estimator, then the structure will be simple. And the method different with the conventional double-loop control strategy is that the two feedback mechanisms can carry out separately, so it makes the implementation easier.
VI. CONCLUSION
In this paper we consider the control of an interior permanent-magnet (IPM) synchronous motor drive by using a DRCM strategy. It is the DRCM that, by introducing a dynamic mechanism to adjust the gain of the integral feedback, we can reject disturbances or uncertainties effectively. And then we can choose the gain or form of the state feedback (u II ) without any concern about disturbances or uncertainties. The idea and theoretical results are given. We also present some simulation results for certain parameters to indicate the effectiveness of the method.
It is the method proposed in this paper that we may use less design parameters in the controller, and we only need a little more information about the system. The method also has strong robustness and adaptability.
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